In the present work, which aims at searching for bound sates, the interactions of the D-multi-ρ systems are investigated by means of the formalism of the fixed-center-approximation to Faddeev equations. Reproducing the states of f 2 (1270) and D 1 (2420) dynamically in the two-body ρρ and ρD interactions, respectively, as the clusters of the fixed center approximation, the state of D (3000) 0 is found as a molecule of D − f 2 or ρ − D 1 structures in the three-body interactions, where we determine its quantum number J P = 2 − and find another possible state of D 2 (3100) with isospin I = 3/2. In our results, there are some other predictions with uncertainties, a D 3 (3160) state with I(J P ) = 
I. INTRODUCTION
Multi-body interactions are a topic that has caught much attention in hadronic physics for a long time. Solving the nonrelativistic scattering problems, several sets of equations were suggested in Refs. [1, 2] for the three-body interactions. Reformulating the Lee model [3] , Ref. [4] tried to generalize Faddeev equations [1] for the cases of multiparticle scattering. Further, generalized Faddeev equations to a relativistic version were given in Ref. [5] . But, in practice, it is not easy to evaluate the multiparticale scattering amplitudes by solving these equations, since there are complicated multi-scattering ladder diagrams which should be summed with all of them and a lot of variables involved in the phase space of the integrations. Typically, the difficulties appear at the calculations of the multi-body Green functions which maybe not have "convenient" solutions for the multi-scattering amplitudes [2] . In fact, the generalizations of Refs. [4, 5] avoided these difficulties by redefining the Green functions to simplify the summations. For nuclear physics, these generalizations work much better since the Green functions are dominant by the free Hamiltonian of the three-particle system, where the Faddeev equations can be deduced from the LippmannSchwinger equations [6] . If no three-body force appearing, the three-body interactions can be derived directly from the Schrödinger equations in the Jacobi coordinate space and a bound state of three identical-particle system in a finite volume can be observed [7] . Furthermore, without considering the particle spins, Refs. [8, 9] had extrapolated the Faddeev equation formalism to the momentum space for the cases of three-boson systems. On the other hand, different with Faddeev equation formulae, Refs. [10, 11] used a framework of the dispersion relation technique to solve the three-body interactions which try to avoid the problem of ambiguous solutions in Faddeev equations. Also based on the dispersion relation approach, Ref. [12] discussed the problem in the coupled channel cases for the final state interactions of three spinless-particles. Indeed, evaluating the three-body Green functions both in the coordinate and in the momentum space under the fixed center approximation, the ambiguous results were found in Ref. [13] where they tried to fix them with some experimental inputs. Besides, driven from an effective field theory for non-relativistic particles, a different formalism was proposed in Ref. [14] for the few-body interactions.
As discussed above, it is difficult to solve the three-body Faddeev equations (the three-body problem) strictly, and even worse in the relativistic cases. In practical treatments, one should make some assumptions or approximations, and faces with less difficulties in some special cases. For example, the deuteron is a bound state of a pair of nucleons, and it is convenient to let another light particle to collide with them. The hyperon-nucleon interactions, kaons interacted with deuteron, had attracted much attentions for a long time [15] , which used a non-relativistic Faddeev formalism to study K − d → π − Λp reaction with some approximations on the two-body inputs and the restrictions of s-wave interactions. Using chiral perturbation theory, the reaction γd → π + nn was accurately calculated up to order χ 5/2 in Ref. [16] where the three-body dynamics of the πN N loop diagrams is discussed in detail. Analogously, Ref. [17] investigated the reaction K − d → πΣn only up to second order of the summation of the three-body interaction diagrams, where a three-body unitarity cut was taken to the Green functions. Recently, the work of [18] (references therein) made some detail discussions on the three-body antikaon-nucleon interactions and reviewed some results of the antikaon-nucleon systems using the Faddeev-type Alt-GrassbergerSandhas equations where they applied a free Green function for the three-body propagator (nonrelativistic one). Using a different kinematical mechanism compared to Ref. [17] as clarified in Ref. [19] , a K − d quasi-bound state degenerated in spin S = 0 and S = 1 was found in Ref. [20] as the findings in Ref. [18] . Note that, in Ref. [20] , they applied a formalism of the fixedcenter-approximation (FCA) [15, [21] [22] [23] to the Faddeev equations, based on a sets of full Faddeev equations [24] . Indeed, a formalism with full Faddeev equations was derived in Ref. [24] , which was simplified by an on-shell approximation of the chiral unitary approach and where the three-body loop functions were still complicatedly to evaluate even though the on-shell factorizations had been taken. By taking the FCA to the Faddeev equations, the three-body loop functions (relativistic ones) involved the complicated phase space integrations are absorbed into the form factor of the cluster (fixed center) which simplifies the calculation of the three-body loop functions compared to the ones in the full Faddeev equations [24] . Using this formalism, several multi-ρ(770) states, f 2 (1270), ρ 3 (1690), f 4 (2050), ρ 5 (2350), and f 6 (2510), are dynamically produced in Ref. [25] and explained as the molecules of an increasing number of ρ(770) particles with parallel spins. An analogous finding was found in Ref. [26] for the K * -multi-ρ systems where the resonances K * 2 (1430), K * 3 (1780), K * 4 (2045), K * 5 (2380) and a new K * 6 were explained as molecules with the components of an increasing number of ρ(770) and one K * (892) meson. Furthermore, this formalism was extrapolated to investigate the D * -multi-ρ and K-multi-ρ interactions in Refs. [27, 28] . More discussions and applications about this formalism can be found in Ref. [29] and references therein. In experiments, several D J and D * J states were reported by LHCb [30, 31] (more discussions about the charm and beauty mesons can be found in the recent review of Ref. [32] , and some discussions and predictions about D sJ and B sJ can be referred to Ref. [33] ), where the mass of D * 3 (2760) state was consistent with the predicted one in Ref. [27] . Thus, with the motivations from the successes of the FCA to the Faddeev equations and the new findings in the experiments, the present work investigates the interactions of the D-multi-ρ systems.
Our paper is organized as follows. We first discuss the formalism of the three-body Faddeev equations with the FCA. Then we show the reproduced results of the two-body interactions. In the following section, the main results for the multi-body interactions are given. We finish with our discussions and conclusions at the end.
II. THREE-BODY INTERACTION FORMALISM
In this section, we discuss the formalism of the three-body interactions where how we take the FCA to the Faddeev equations. As suggested in Ref. [1] , the total three-body scattering amplitude T can be summed with three partition amplitudes,
where the component T (i) includes all the possible interactions contributing to the total scattering amplitude T with the particle i being a spectator at the beginning of the interactions. Indeed, the three components of T (i) are identical in their functional form. In fact, they are not independent and correlated with each other, which can be summed with a lot of complicated ladder diagrams when the two-body interactions between three identical particles permute to infinity order. Therefore, the strict solution of Eq. (1) seems to be impossible for the numerous propagations. Thus, in practice, we should take some approximations to treat the summation. For the cases of having bound states to appear in the two-body subsystems, we can assume the clusters of the bound state as the fixed center of the three-body systems and take the FCA [15, [21] [22] [23] to the Faddeev equations as done in Refs. [25, 26] , which can simplify the calculations as discussed in the introduction. For example the cluster coming from T (3) , which is formed by the two particles (named as particle 1, 2) and is not much modified by the third particle (particle 3), thus, the T (3) partition amplitude only contributes to the cluster of the FCA, and then the multi-scattering processes just happen at the third particle interacting with the two components of the cluster. Therefore, we can simplify 
which can be depicted in the diagrams of Fig. 1 . From Fig. 1 , the Faddeev equations under the FCA are first a pair of particles (1 and 2) forming a cluster, shown as the grey ellipses, and then particle 3 interacts with the components of the cluster, undergoing all possible multi-scattering processes with those components. Thus, the two partition amplitudes T 1 and T 2 sum all diagrams of the series of Fig. 1 which begin with the interactions of particle 3 with particle 1 of the cluster (T 1 ), or with the particle 2 (T 2 ). The T 1 and T 2 are the summation of the diagrams in the upper parts and the lower parts, respectively. Finally, the summation of the all of these diagrams are the total three-body scattering amplitude T . Besides, the amplitudes t 1 and t 2 represent the unitary scattering amplitudes for the interactions of particle 3 with particle 1 and 2, respectively, with their coupled channels, which should be taken into account the isospin structures of the subsystems and discussed in details for different cases in Section IV. Finally, the function G 0 is the propagator of particle 3, given by
where q 0 (s) is the energy of particle 3 in the three particle system, written
with m 3 is the mass of the third particle and M R the mass of the cluster, and F R ( q ) is the form factor of the cluster of particles 1 and 2. In our present cases, the expression of the form factors for the S-wave bound states is taken as [34] ,
where 2) are the energies of the particles 1, 2, and m i the corresponding particle masses. We use a cutoff Λ ′ to regularize the integrals of Eqs. (7) and (8), which is the same one used in the loop functions of the two-body interactions to reproduce the cluster [26] . In fact, in Eq. (5), there should be also another cutoff, which is taken as 2 Λ ′ for the constraints of the form factor (more discussions will be in Section IV). Thus, in our formalism no free parameters are involved.
Next, we should take into account the different weight factors coming from the normalization of the particle fields, where how these factors appear in the single scattering, the double scattering and the total scattering amplitudes [26] . In our present cases, all of the particles, particles 1, 2, 3, and the cluster, are mesons, only related to meson fields. Thus, we can write the S matrix of single scattering diagrams, Figs. 1 (a) and (e),
where, k, k ′ (k R , k ′ R ) are the momenta of the initial and final scattering particles (R for the cluster), ω i , ω ′ i the energies of the initial and final particles, V is the volume of the box where the states are normalized to unity and the subscripts 1, 2 refer to scattering with particle 1 or 2 of the cluster.
The S matrix of double scattering diagrams, Figs. 1 (b) and (f), are given by,
where F R ( q ) is the cluster form factor that we have discussed above, seen in Eq. (7). Analogously, the full scattering S matrix can be written as,
Now, by comparing the different normalization factors of Eqs. (9), (10), (11) and (12), we can introduce the weight factors for the elementary amplitudes,
where we have taken the approximations for the meson fields,
. One should keep in mind that, when one of the particles in the two-body subsystem (the cluster, the particles 1 and 2) is a baryon, the factors of 2M R and/or 2m i in Eqs. (5) and (13) should be replaced by 1 correspondingly for the approximations of the baryonic fields
Finally, the total three-body scattering amplitude T is given by
Whent 1 =t 2 in some cases, it can be simplified as,
Note that, the FCA to Faddeev equations just can particularly be used to study a three-body system with the subsystem bound or even loose bound, as discussed in Ref. [20] . Furthermore, for the unitary amplitudes corresponding to single-scattering contribution, one must take into account the isospin structure of the cluster and write the t 1 and t 2 (t 1 andt 2 ) amplitudes in terms of the isospin amplitudes of the (3,1) and (3,2) systems, discussed later. From the single scattering S matrix, Eqs. (9) and (10), and the full S matrix, Eq. (12), we should note that the arguments of the amplitudes T i (s) and t i (s i ) are different, where s is the total invariant mass of the three-body system, and s i the invariant mass of the two-body subsystems. The expression of s i in terms of s is given by [26] ,
where the uncertainties of this formula can be referred to the discussions of Ref. [35] , and which of cause will introduce some uncertainties to our results as discussed in Ref. [28] .
III. BASIC TWO-BODY INTERACTION
In the former section, we have discussed the formalism of the Faddeev equations under the FCA. Starting with this formalism, first, one should look for bound states in the two-body subsystems which can be treated as the cluster of the fixed center. Then, with this cluster in the fixed center of the three-body system, let the third particle collide with the cluster and interact with two components of the forming cluster. In our present cases, the basic subsystems of the D-multi-ρ systems are the two-body ρρ and ρD interactions which were studied in Refs. [36] and [37] . In their works, the states of f 2 (1270) and D 1 (2420) were dynamically reproduced and associated as the bound states of ρρ and ρD respectively, which are the clusters of the fixed center in our threebody interactions. We briefly summarize their works and reproduce their results, and at the same time obtain the two-body scattering amplitudes of the subsystem which are the essential inputs of the Faddeev equations, seen the discussions in the last section.
A. ρρ interaction First, we discuss the two-body ρρ interactions based on the work of Ref. [36] , which studied the ρρ interactions using the local hidden gauge formalism [38] [39] [40] and the coupled channel chiral unitary approach [41] [42] [43] . In their work, the f 2 (1270) state was dynamically produced in the strong two-body ρρ interactions 1 . From the local hidden gauge Lagrangians, one can derive the potentials of ρρ interactions, which are projected to the s-wave, for the sectors of spin S = 2, isospin I = 0 and I = 2 obtained,
where the coupling g = M V /(2f π ), with M V the vector meson mass and f π the pion decay constant. Using these interaction potentials as the basic inputs, the two-body scattering amplitudes of ρρ interactions are given by the on-shell Bethe-Salpeter equations,
where the kernel V I is a matrix of the interaction potentials and G I a diagonal matrix of the loop functions (see Appendix A). Note that the upper index I represents the specific isospin sector for the potentials of the coupled channels sorted by different isospins, which is the isospin structures of the two-body interaction amplitudes. Following the work of Ref. [36] to dynamically reproduce the f 2 (1270) state, we also take into account the contributions of the box diagrams and the ρ mass distributions for its large decay width, where some details can be found in Appendix A and more discussions should be referred to Ref. [36] . The contributions of the box diagrams were taken into account with two pseudoscalar mesons in the intermediate states of the box, where we just add the imaginary parts of the box diagram contributions for the corrections of the potentials V I and neglect its real parts, which are much smaller than the imaginary parts. We do not take these intermediate channels in the box diagrams as accounting for the coupled channels since the thresholds of these intermediate channels are much lower than the dominant vector channels. For considering the effects of the large decay width of ρ meson, we do the convolutions for the loop functions in the corresponding channel with the contributions of the ρ mass distributions. Our reproduced results are shown in Fig. 2 for the sector of I = 0, S = 2, which are consistent with Ref. [36] , and where the structure of the resonance f 2 (1270) is shown in the peak of the modulus squared of the amplitudes. Thus, we have dynamically reproduced the f 2 (1270) state in the ρρ interactions which is one of the clusters in our present work. For the nonresonant amplitude t (I=2,S=2) ρρ , which is the essential inputs of the two-body interaction amplitudes t 1 , t 2 when we consider the isospin structures of the subsystems (discussed later), we do not show in the figure.
B. ρD interaction
Second, we revisit the ρD interactions with its couple channels which had been done in Ref. [37] . Following the work of Ref. [37] , there are seven channels coupled to ρD channel, which are
Using the corrected Lagrangian where the masses of the heavy vector mesons are taken into account, the transition potentials are given by
1 The approximations made in this formalism are being scrutinized in Ref. [44] . 2 In fact, the thresholds of the D * ηc and J/ψD channels are far away from the other channels', which have influences negligible on the main results of the bound states in the lower channels and are analogous with the KΞ channel in the interactions ofKN and its coupled channels [42] . where the lower indexes of i (j) channel of the incoming (outgoing) particles, and the coefficients of C I ij can be found in Appendix A.1 of Ref. [37] , also given in Table. I where 2 with the scales of light and heavy vector mesons, m L = 800 MeV and m H = 2050 MeV [37] . As done in Ref. [37] , we should do the s-wave projections for the potentials of Eq. Channels 20) , and then, using the inputs of these potentials for the the on-shell Bethe-Salpeter equations, we can evaluate the scattering amplitudes,
where ǫ ( ǫ ′ ) represents a polarization vector of the incoming (outgoing) vector-meson, and now the matrix elements for the loop functions are given bŷ with a diagonal matrix of elements G I ij as the normal one in Eq. (19) but using a dimensional regularization expression, as done in Ref. [37] . Note that, Eq. (21) is different from Eq. (19) for the factor of ǫ · ǫ ′ in Eq. (20) where one can refer to Appendix B of Ref. [45] for more details. Besides, we have checked that, indeed, the term of 1 3
is small and thus it has not much influences of the results, as discussed in Ref. [45] . Since some of the vector mesons, for example the ρ and K * mesons, have large decay widths, thus, as the cases of ρρ interactions above, we also take into account the mass distributions of these particles, and consider the convolutions of the vector mesons as intermediate state in the loop functions G I ii , where more details can be seen in Appendix A. Furthermore, as done in Ref. [37] , we have ignored the convolutions for the vector mesons with smaller width where the contributions of the mass distributions are trivial. In Fig. 3 , we show the results for the modulus squared of t
I=1/2 ρD
, where the D 1 (2420) is reproduced in our work as the cluster of the FCA. We also found three poles in the second Riemann sheets and evaluated the couplings of them to every channels, which are consistent with the results of Ref. [37] and where the conclusions of the second pole corresponding to D 1 (2420) state are made. Even though the second pole locates about 100 MeV higher than the mass of the D 1 (2420) state, seen Fig. 3 and more discussions referred to Ref. [37] . Besides, the results for the I = 3/2 sector are not shown in the figure, since there are only two coupled channels, D * π and ρD, and there is no resonance appeared. But this sector should be taken into account for the isospin structures of the subsystems (discussed later), and we also evaluate the amplitude t I=3/2 ρD using the same model.
IV. RESULTS
In this section, we show our study results of the D-multi-ρ interactions, since we have reproduced the resonances of f 2 (1270) and D 1 (2420) in the ρρ and ρD two-body interactions in the last section. Assuming the states of f 2 (1270) and D 1 (2420) as the clusters and using the formalism of Faddeev equations under the FCA as discussed in Sec. II, we can start to investigate the the D-multi-ρ interactions. Based on the two options for the clusters in the two-body interactions, the states of f 2 (1270) and D 1 (2420), thus, for the three-body interactions, we have two possible cases: (i) particle 3 = D, cluster R = f 2 (particle 1 = ρ, 2 = ρ) and (ii) 3 = ρ, R = D 1 (1 = ρ, 2 = D). Supposing these two clusters interacting with each other, we can employ the FCA ideas for the four-body interactions, and thus, we also have two cases:
If we can find some bound states in the four-body interactions, we can treat these bound states as new cluster of the FCA and let another meson collide with them. Therefore, we can extrapolate the FCA formalism to the five-body interactions. We have known the state f 4 explained as the molecules of four ρ mesons [25] , and assumed a new bound state, D 3 , found in our four-body interactions, and thus, there are also two cases for the five-body interactions, (i) 3 = D, R = f 4 (1 = f 2 , 2 = f 2 ) and (ii) 3 = ρ, R = D 3 (1 = f 2 , 2 = D 1 ). Following, for the six-body interactions, let the two-body cluster, f 2 (1270) or D 1 (2420), collide with the four-body bound states, f 4 or D 3 , we have two options as well:
. Finally, we summarize all the possible cases for the D-multi-ρ interactions in Table II , where we only consider up to number six (n-body) for the maximum binding energy in per ρ meson evaluated in Ref. [25] . Next, our results for all these cases are discussed below. 
A. Three-body interactions First, we begin with the discussions for the three-body interactions. From Table II , there are two possible structures, D − f 2 (ρρ) and ρ − D 1 (ρD): (i) 3 = D, R = f 2 (1 = ρ, 2 = ρ) and (ii) 3 = ρ, R = D 1 (1 = ρ, 2 = D). As the basic inputs of the FCA to Faddeev equations, seen Sec. II, the t 1 and t 2 amplitudes of the (3,1) and (3,2) subsystems, t 1 = t 2 = t ρD for D − f 2 (ρρ) scatterings and t 1 = t ρρ , t 2 = t ρD for ρ − D 1 (ρD) scatterings, have been discussed in the last section, following Refs. [36, 37] . But, to evaluate the form factor of the cluster, seen Eq. (7), a cutoff Λ ′ should be used, which is the same as the cutoff q max applied in the loop functions of the two-body interactions, discussed in Sec. II. Note that, the dimensional regularization scheme is used for the loop functions in Ref. [37] , seen in Appendix A. Following the method mentioned in Ref. [46] , we can match two regularization schemes of the loop functions at the threshold of the corresponding channels, and then, the equivalent parameters are obtained. Therefore, we obtain q max = 1254 MeV for the D 1 (2420) cluster. Besides, we take q max = 875 MeV for the f 2 (1270) cluster as the one used in Ref. [36] . Indeed, we do not introduce any free parameter as discussed before. In Fig. 4 , we show the results of the form factor of D 1 (2420) cluster and the G 0 function of ρ − D 1 (ρD) scatterings. Form the results of the form factor in the left panel of Fig. 4 , one can find that a cutoff 2 Λ ′ is enough for the G 0 function of Eq. (5), as discussed in Sec. II and seen the results on the right panel of Fig. 4 for the real and imaginary parts of the G 0 . As mentioned in the formalism of Sec. II, the isospin structures of the subsystems for the twobody amplitudes t 1 and t 2 should be taken into account. In the case of D − f 2 (ρρ) scatterings, since the cluster of f 2 resonance has isospin I = 0, the two ρ mesons combine in an I = 0 state, having
where |(1, −1) denotes |(I 1 z , I 2 z ) with the isospin I z (third) components of particles 1 and 2, and |ρρ (0,0) means |ρρ (I,Iz) . Then, taken the third particle of D meson as
, we obtain
where we take the notation of |(
2 ), −1 ≡ |(I 31 , I 31 z ), I 2 z for t 31 , and the analogous derivations for t 32 are not shown. Finally, the amplitudes considering the isospin structures are given by
where the amplitudes t for the ρD interactions, are given in the last section as well.
Using these two-body inputs for the FCA to the Faddeev equations, the three-body scattering amplitudes can be evaluated. | 2 , we find a clear peak around the energy 2929 MeV with a width about 103 MeV, which is about 270 MeV below the ρ − D 1 threshold. From Sec. III, we can see that both of ρρ and ρD are strongly bound to form the f 2 and D 1 states. Thus, the large bindings in these peaks will be acceptable. In Particle Data Group (PDG) [47] , there is a D(3000) 0 state with isospin I = 1/2 and unknown J P quantum numbers in the lists, since both natural-and unnatural-parity components are observed in LHCb experiments [30] , where it was reported as a D J (3000) state with the mass (2971.8 ± 8. J (3000) states had caught much theoretical attentions, where some theoretical interpretations for them were made from the heavy meson effective theory [48, 49] , the relativistic quark model [50] [51] [52] [53] [54] , the 3 P 0 decay model [55, 56] , the chiral quark model [57] , and the relativistic potential model with the heavy quark symmetry [58] . In quark models, the D * J (3000) state was mostly assigned as a 2 3 P 0 state with a predicted mass of about 2932 MeV [50, 51, 56, 58] , and the D J (3000) state mostly as a 3 1 S 0 state with a mass about 3068 MeV [50, 51, 56] . But, in Ref. [57] , the theoretical mass was about 2949/2919 MeV for 2 3 P 0 state, and 2995/2932 MeV for 2P 1 state which was associated to D J (3000) state as concluded in Ref. [50] . On the other hand, there were different assignments in Ref. [52] , but, the predicted masses were consistent with the other quark models, 2928 MeV for the D J (3000) state and 2957 MeV for the D * J (3000) state. More possible assignments for the D ( * ) J (3000) states and more discussions can also be found in the recent review of Ref. [32] . In the present work, our predicted masses both in the D − f 2 (ρρ) and the ρ − D 1 (ρD) scatterings are consistent with the D(3000) 0 state in PDG and also consistent with the results of the other models mentioned above, even though the widths of our model are a bit smaller since we do not take into account the contributions of the large width of the clusters, the f 2 and D 1 states, seen Ref. [28] for more discussions. Thus, in our model, we can conclude that the D(3000) 0 state can be a molecular state of D − f 2 or ρ − D 1 structures with some uncertainties, where one can determine its J P = 2 − . Our predictions for J P quantum numbers are consistent with the one of possible assignments in Ref. [49] . From the results of |T 
B. Four-body interactions
For the four-body interactions, there are also two possible cases: (i) particle 3 = f 2 , cluster R = D 1 (1 = ρ, 2 = D), or (ii) particle 3 = D 1 , resonance R = f 2 (1 = ρ, 2 = ρ). Due to the isospins of the two clusters, I f 2 = 0 and I D 1 = 1 2 , the total isospins of two four-body systems are I total = 1 2 . Let's discuss the basic inputs of the FCA formalism for the four-body interactions. For the first case of f 2 colliding with the D 1 , the amplitudes t 1 = t f 2 ρ = T ρ−f 2 , which can be reproduced by following Ref. [25] , and t 2 = t f 2 D = T D−f 2 has been calculated in the former subsection. For the second case of D 1 interacting with the f 2 , the amplitudes t 1 = t 2 = t D 1 ρ = T ρ−D 1 are also obtained in the former subsection. Since the isospins of D 1 and D are I = 1 2 , the isospin structure for the input amplitues of D 1 − f 2 is similar to the case of D − f 2 . Thus, using Eq. (25) we obtain
where the isospin amplitudes of T ρD 1 can be evaluated from the last subsection.
In Fig. 7 , we show our results of the modulus squared of the scattering amplitudes, where |T For these two resonant structures, there is no corresponding state listed in the PDG [47] , since their masses are almost out of the searching range of the experiments [30] . There were also some predicted charm states with masses around the region of 2816 ∼ 3288 MeV in the quark models [50-52, 56, 58] , which are consistent with our results. Therefore, a new D 3 (3160) state is predicted in our model with some uncertainties, of which the mass is about 3135 ∼ 3190 MeV and the width about 344 ∼ 390 MeV.
C. Five-body interactions
In the former subsection, we have shown the results for the four-body interactions, where a new D 3 state is found as we expected. Therefore, this predicted D 3 state also can be a cluster of the FCA. Thus, there also are two options for the clusters in the five-body interactions, as assuming in Table. II, one of which is the f 4 state listed in the PDG and studied in Ref. [25] , and the other one the bound state of D 3 predicted above. Then, letting another particle (D or ρ) collide with them, we have two possibilities:
. For the first option, since the isospin I f 4 = 0 and I D 3 = 1 2 , the total isospin of the D − f 4 system is only one possibility, I total = 1 2 , of which the isospin structure is similar to the three-body interactions of D particle colliding with f 2 before (D − f 2 ). The input amplitudes
have been evaluated in Subsec. IV A of the three-body interactions. But for the second option, the total isospin of ρ − D 3 system has two probabilities,
, where the situations of ρ − D 3 are analogous to the one of the three-body interactions ρ − D 1 in Subsec. IV A. Thus, doing a similar derivation as Eq. (24), we obtain the isospin structures for the case of ρ − D 3 interactions,
where the amplitude T (I=1) 31 for T ρ−f 2 has been calculated in the Subsec. IV B following Ref. [25] , and the amplitudes T [51, 52, 56, 58] with the quark models, which cover the range of our predicted masses. Since no evidence in the PDG [47] for the findings in our model, three new D 4 states can be predicted with some uncertainties, two isopin I = 1/2 states and one I = 3/2 state, a narrow D 4 (3730) state, a wide D 4 (3410) state and another wide D 4 (3770) state, respectively.
D. Six-body interactions
For the six-body interactions, analogously to the five-body interactions with a new predicted D 3 state in the four-body interactions of Subsec. IV B, there are also two options of the clusters, seen in Table II , the states of f 4 and D 3 . Therefore, we let the state D 1 or f 2 collide with them, having:
, the total isospins of the six-body systems can only be I total = 1 2 . For the first case of D 1 − f 4 interactions, the essential amplitudes
have been evaluated in the four-body interactions of Subsec. IV B. In fact, having two cases for the four-body interactions of D 1 −f 2 , there is another possibilities for the input amplitudes of t D 1 f 2 , which means that one can choose
For the second case of f 2 colliding with the D 3 , one of the input amplitudes t 1 = t f 2 f 2 = T f 2 −f 2 can be evaluated by reproducing the results of Ref. [25] , and the other one t 2 = t f 2 D 1 = T f 2 −D 1 is done in the four-body interactions of Subsec. IV B.
We show our results for the six-body interactions in Fig. 9 , where the results of |T interacting with the D 3 state, seen the right panel of Fig. 9 , we can observe another peak at the position of 3625 MeV, of which the width is more than 1200 MeV. Using the quark models, some charm states were predicted in the energy region of 3397 ∼ 3722 MeV in Refs. [51, 56] 
V. CONCLUSIONS
Since some D ( * )
J states had been found by LHCb experiments, in the present work, we apply the formalism of the fixed-center-approximation to Faddeev equations to investigate the interactions of the D-muti-ρ systems, where we search the bound states in the interactions. First, we dynamically reproduce the states of f 2 (1270) and D 1 (2420) in the two-body ρρ and ρD interactions respectively, which are assumed as the fixed center of the three-body interactions. Then, we extrapolate the formalism to the systems of one by one from the three-body systems up to the six-body systems. What we obtain are summarized in Table III , where we have found some bound states in the multi-body interactions. In the three-body interactions, we associate the state D(3000) 0 in PDG as a molecular state of D − f 2 or ρ − D 1 structure with some uncertainties, where we determine its J P = 2 − . There is another possible isospin I = 3/2 state, D 2 (3100), which has more uncertainties. We find a bound state of D 3 (3160) with I(J P ) = where the energies ω i are defined as the ones in Eqs. (7) and (8), the centre-of-mass energy (P 0 ) 2 = s, and we use a cutoff of q max = 875 MeV for the ρρ interactions. Considering a finite width of the vector meson in the loop function, the effects of the propagation of unstable particles are taken into account in terms of the Lehmann representation, which is formulated by the dispersion relation with its imaginary part, written
where s th is the square of the threshold energy, and the spectral function is taken as
with M V and Γ V the mass and the width of the vector meson which can be taken as their physical value in most of cases. Thus, using the Lehmann representation for each ρ meson in the ρρ channel, we can take into account the convolutions for the loop functions with the ρ mass distributions, given byG 
where a(µ) is a subtraction constant related to a regularization scale of µ, taking µ = 1500 MeV and a(µ) = −1.55 from the fits of Ref. [37] , M i and m i are the masses of the vector and pseudo-scalar mesons respectively, and the momentum at the center of mass frame, q i , is given by
Using the Lehmann representation of Eq. (A6), we can evaluate the convolution for the loop function which only has one vector meson of large width in the channel i,
where G ii is given by Eq. (A11), and the normalization factor for the ith component
with Γ i the width of the vector meson.
